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LOW MOLECULAR WEIGHT POLYHYDROXYALKANOATE 
MOLDING COMPOSITIONS 

This application Cairns the benefit under 35 U.S.C. § 119(e) of prior U.S. 
Provisional Patent Application No. 60/227,,27 filed August 23, 2000, which is 
incorporated in its entirety by reference herein. 
Background Of The Invention 

The present invention relates to compositions for forming molded art.cles, and 
more particular,, to compositions inc.uding powdered forms of inorganic powders, glass, 

ceramics, or metals. . 

A variety of useful molded products having complex shapes and useful mechamca. 
strengths can be made from powdered forms of ceramics, mctals, meta, oxides, thermose, 
resins high mel, temperature thermoplastics, and combinations thereof. Examples of these 
products include aerospace components, biomedical implants, bonded diamond abrastves, 
cutting toois, turbine blades and other mechanical parts, nozzies subject ,0 contmuous 
contact with abrasives, electronic devices, and superconductors. Forming techniques, such 
as slip casting, tape casting, extrusion, injection molding, dry pressing or compression 
molding, generally require the presence of a binder formulation that is mixed w,th the 
metal, ceramic, or mixed powder feed. The b.nder is a temporary vehicle to a.d flow 
during the forming process, for homogeneously packing the powder into the desired shape 
and then for holding the particles in that shape until the beginning of sintering (German, 
■•Powder injection Moiding," (Metal Powder Industries Federation, Princeton, New Jersey 
,990)- German and Bose, "Injection Molding of Metals and Ceramics," (Metal Powder 
industries Federation, Princeton, New Jersey ,997)). Sintering or fusing of the powder 
components is needed, for exampie, to obtain physical properties for the finished item that 
are suitable for the conditions of its end use. 

One disadvantage with using traditional binders in the shape formation ,s that the 
molded product's physical properties and performance can be impaired by res.dual 
amounts of binder or binder decomposition products, by uneven removal of b.nder or 
hinder decomposition products, or by voids formed by remova. of binder or b.nder 
decomposition products. (Residua, binder is not a problem in the iimited circumstances 
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when it is desirable «o incorporate binder components into the final form by chemtcal or 
interatomic auction.) Many products made from ceramic powders, metal powders, and 
blends thereof are used in applications where they are exposed to repeated stresses. 
Examples of these products include combustion engine parts, valves, rotors, and gear 

5 assemblies, Inclusion bodies derived from inadequate removal of binder, or voids rcsu.tlng 
from combustion gases during removal, can facilitate cracking and failure of the parts ,n 
service Electrical conductivity is another important performance requirement, for example 
in electronic parts such as printed circuit boards and superconductors, that can be 
adversely affected by inadequate binder remova. or void formation caused thereby. 

,0 Therefore, remova, of the binder used in shape formation is generally a crucial step ,n the 

powder processing technique. 

Techniques for the removal of undesirable binders include (I) thermal evaporat.on; 
(2) thermal decomposition; (3) chemical transformation to forms useful in the end product; 
(4) solvent extraction; (5) supercritical extraction; (6) diffusion and absorption of bmder 
,5 constituents to an absorbing surface surrounding the shape or wicking; and (7) 
depo.ymeriza.ion by thermal means, catalytic means, or a combination thereof. Removal 
of the binder usually is the slowest step in the powder injection molding process (German, 
"Sintering Theory and Practice," (John Wiley ft Sons, New York ,996); German and 
Bose "Injection Molding of Metals and Ceramics," (Metal Powder Industries Federate, 
20 Princeton, New Jersey .997)). One binding system investigated for providing more rap.d 
removal invo.ves using polyacetals, particularly with injection molding process.ng, for 
example, as described in U.S. Patent No. 5,1 55,1 58 ,0 Kim and in WO 91/08993. The use 
of polyalkvlene carbonates for use in such applications is disclosed in European Paten. 
Application EP 0,463,769 A2. ,n .heory, the po.yacetal binders "unzip" or depolymenze, 
25 releasing formaldehyde, when exposed to nitric acid fumes in an incubator. Unfortunately, 
the use of nitric acid or other oxidants restricts the use of the polyaceta. resins to those 
powders which are not susceptible ,„ undesirable oxidation. Similarly, the oolyalkylene 
carbonate binders "unzip" upon reaching a certain decomposition temperature, typ.cally 
around 200° C. Other binder materials include polyoxalate and polymalona.e polymers, 
30 which also are useful as rheological control agents in paste formulations, as desenbed ,n 
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US Patent No. 5,4,2,062 to Power e, al. Polyene carbonates, however, exhibit 
viscosity behavior that makes flow of the unformed metai/binder, ceramic/bmder, or 
metal/ceramic/binder difficult. 

The use of poiyhydroxvalkanoa.es as binders in molding applicattons „ dtsclosed 
5 in WO 99/05209. The approach describes the use of poiymers recovered directly from a 
fermentation process without further modulation; .ypically these V**™^ 

^^^^^^^^^^^ 

Many of the characteristics of materials and composmons useful as bmders 

described in Shanelield, "Organic Additives and Ceramic Processing," (Kluwer Academic 
,„ Publishers, Boston >996, Desirable features include (I) easy burnout, (2, strong ac esu. 
t0 the powder and good cohesive strength, (3) solubility in fluid.z.ng houtd, and (4) low 
eost The binder materia, must be suitable for a variety of process conditions, stnee, for 

reducing gases or vacuum conditions, during processing. 

Al, of the patents, paten, applications, and publications mentioned throughout <h,s 
a pp,ica,io„ are incorporated in their entirety by reference herein and form a part of the 

present application. . . 

„ is therefore an object of this invention to provide molding composes havmg 

improved binder removal characteristics. 
20 ,, is another object of this invention ,0 provide molding compositions su.table for 

use in a wide range of processing conditions. 
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Summary Of The Invention , 

Molding compositions including polyhydroxyalkanoa.es are provtded. The use of 
pclynydroxyalkanoates as a bmder in molding compositions provides improved b.nder 
Lova, in the fmished molded product, and offers a wide range of physical prope.es 
sui , ab ,e for use in a variety of processing conditions. The polyhydroxyalkanoat, ,n e 
present invention, preferably has a molecular weight that is less than a ou. 70^00 and 
lore preferably is from about 500 to 20,000, and most preferably, from about 500 ,0 a ou 
,0 000 Other molecular weight ranges include from about 1,000 to 5,000, and from about 
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, 000 ,0 about 3,000.THe composition prefer includes a powdered matenal, such as 
2 Powder, ceramic powder, or blend, admixed with a polyhydroxyalxanoate bmde, 
t Impositions are useful in powder processin, technics, sue, as i.eCon mo,d,n g 
Ipres on molding, slip casting, .ape cas,in g , or extrusion. The commons cental 
i; low m o,ecu,ar wei 8 h, po,yHydroxya, k anoa,e preferably exhibit proved g reen 
strength and improved handiin, of g reens,r.,h ^ 
The present invention further relates 

of the terminal groups selected from: 

a) -co-ch=cr'r'°; 

b) -OR"; 

c) -COOR' 2 , 

d) -COR ,J ; or 

e) -O M* 

u • R 9 R 10 R 11 R u or R 13 which are the same or different, represents saturated or 
wheretn R , , ■ . hydroxy radicalSj 

unsaturated h y drocarbon radicals, halo- or h y droxy 

^gen-substituted radicals, ox yg en-s„bs,i,u,ed radical, or a hydrogen torn, w, £ 

ermina, end g roups of the PHA are selected from one of the above-desenbed term.nal e d 
Zps a) - e wherein the terminal end g ro„ps can be the same or different. AUemattvel. 

group can end with h y dro g en or -OH. Preferably when the terminal end group ,s -OR , 
COR 13 the other end g roup is no, -OH. These «hermall y decompos b, 
poly Hydroxya„anoates can Have an, molecular wei g h, such as from about SCO to about 
S 5 m .Hon. More preferably the molecular wei g h« is from about 500 to abou ,00, 00 
1 preferab, y from about 500 to less than 70,000, such as from about 500 to about 
,0 000 These p ol y h y drox y alkanoates can be polymers, oligomers, or monomers. 

P o,yHydroxya, k anoa.es having low molecular wei g hts which involves the Hydrops or 
10 Z lysis of a polyhydroxya.anoate under such conditions that wil, lead to a low 
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molecular weigh, thermally decomposable polyhydroxya.Ranoate or an oligomer thereof, 

or a monomer thereof. 

It is ,0 be understood that both the foregoing genera! description and the followmg 
detailed description are exemplary and explanatory only and are intended to prov.de 
further explanation of the present invention, as claimed. 

Detailed Description Of The Invention 

Polyhydroxyalkanoate binders for use in molding compositions are prov.ded, 
preferably for use in metal powder, ceramic powder, or me<a,/ceramic powder process.ng. 

The molding compositions generally include one or more powdered 
one or more polyhydroxyalkanoates or a solution thereof. The compositions may ,nc lude 
additional (optional) component, to enhance processing or properties of the end product. 

The powdered materia, for purposes of the present invention can be an morgan, 
materia,, sucb as a powder. Examples include, bu, are no, limited to, glasses, ceram.cs 
15 me,als, alloys, thermoplastic po.ymers, thermoset polymers, and combines thereof 
Meta, powder, ceramic powder, and blends of meta, and ceramic powder are pre erred. 
Powder materia, useful in the mo.ding compositions disc.osed herein are descnbed ,n 
German "Powder Injection Molding," (Meta. Powder industries Federation, Prmceton, 
New Jersey .990) and Genman and Bose, "Injection Molding of Metals and Ceram.cs 
20 (Metal Powder Industries Federation, Princeton, New Jersey ,997). Preferably, the 
in „rganic powder or metal materia, contains iron, steel, chromium, copper, mcRel, 
tungsten, aluminum, titanium, silicon oxide, silicon carbide, barium titanate, alum.num 
hydroxide, aiumina, wollastonite, silica, siiicon nitride, or aluminum n.tnde or 

combinations thereof. 

The term "powdered" as used throughout this disclosure refers to the form of the 
m ,eria, prior to mixing i, into the composition ,0 be molded, and is understood to include 
microparticles, microspheres, nanoparticles, flaRes, f.bers, strands, and any matenal that 
can be molded with binders including other particles of a size suitable for moldmg mto 
larger products. 



The amount of powdered material present in the molding composition preferably ,s 
from about 50 wt% to about 99.999 wt%, and more preferably from about 70 wt% to about 
99 999 wt%, and even more preferably from about 85 wt% to about 99.9 wt% of the total 
dry weight of the composition. The particular material, form of the material, and fracon 
5 of material present in the composition can be readily selected by those of skill in the art 
based, for example, on the desired physical properties of the end product and the pa«,cular 

molding process to be employed. 

Several types ofpolyhydroxyalkanoa.es (PHAs) are known. It is useful to broadly 
divide the PHAs into two groups according to the length of their side chains and according 
,0 to their pathways for biosynthesis. Those with short side chains, such as 
polyhydroxybutyrate (PHB), a homopolymer of R-3-hydroxybutyric acid um.s, are 
crystalline thermoplastics; PHAs with long side chains are more elastomeric. The former 
polymers have been known for about seventy years (Lemoigne & Roukhelman 1925), 
while the latter polymers are a relatively recent discovery (deSmet, e, al, J. BaCcnol, 
l5 , 54-870-78 (1983)). Before this designation, however, PHAs of microbial ongm 
containing both R-3-hydroxybutyric acid units and longer side chain units from C5 to C.6 
were identified (Wallen & Rowheder, Environ. ScL Techno,., 8:576-79 ,1974)). A number 
of bacteria which produce copolymers of D-3-hydroxybu.yric acid and one or more long 
side chain hydroxyacid units containing from five to sixteen carbon atoms have been 
20 identified more recently (Steinbuehel & Wiese, Appl. Microbiol. Biotechnol., 37:691-97 
(,992)- Valentin e, al., Appl. Microbiol. Biotecbnol, 36: 507-14 (.992); Valentin c, a,., 
App, Microbiol. Biolechnol, 40:710-16 (1994); Abe e, al., In,. J. Biol. Macros,., 
,«,, 15 .|9 (1994); Lee al., Appl. Microbiol. Biolechnol, 42:901-09 (1995); Kato e, a,., 
Appl Microbiol. Biotechnol, 45:363-70 (1996); Valentin CI al, Appl. Microbiol. 
25 Biolechnol, 46:261-67 (.996); U.S. Patent No. 4,876,331 to Doi). Useful examples of 
specific two-component copolymers include PHB-co-3-hydroxyhexanoate (Brandl c, al, 
In, J Biol Macromol, 1 1:49-55 (1989); Amos & Mclnerey, Arch. Microbiol., 155:103- 
06 (1991)- U S Patent No. 5,292,860 to Shiotani el al). Chemical synthetic methods have 
also been applied ,0 prepare racemic PHB copolymers of this type for applications testing 
30 (WO 95/20614, WO 95/20615, and WO 96/20621). Accordingly, the PHAs used ,n the 
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present invention can be produced by a microbial fermentation process, by a genetically 
Igineered p,a„« crop system, and/or by a chemical polymerization reaction, sueb as a rmg 

opening polymerization. 

As PHAS have become increasingly available, they have been exammed for thetr 
5 s „ it abi,i,y in applications where they serve as a processing aid. For example , the .e of 
PHA latex film in the production of CRT tube components is descnbed ,n WO 96/ 7369. 

For purposes of the present invention, the molecular weigh, of the PHAs ,s 
preferably from about 500 to under 70,000, and more preferably from about 500 to about 
20,000, and most preferably from about 500 ,0 about ,0,000 Dalton, In one embo^en 
„ „f the present invention, the mo,ecu,ar weigh, of the PHAs ,s less than I ,000 and 
preferably from abou, 500 ,o abou, 9,500 or lower. Another sui,ab,e m„,ec„,r wetgh, 
a „ge for purposes of ,he presen, inven.ion is from about 500 ,0 abou, 5 000 or from 
abou, 500 to abou, 1,000. The PHAs preferably contain one or more units of me followtng 
formula: 

15 -OCR'R^CR'RVO- (i) 

wherein n is 0 or an integer, for instance from 1 to 2,000; and 
wherein R 1 , R 2 , R 3 , and/or R 4 are independently selected from saturated and 
unsaturated hydrocarbon radicals, halo- and hydroxy substituted radicals hydroxy 
radicals, halogen radicals, nitrogen-substituted radicals, oxygen-substituted radtca s, and 
2 „ hydrogen atoms. Preferably n is from 0 to 5 and more preferably from 1 to a ou . 
Examples of R 1 , R', R J and/or R< include, bu, are no, limUed ,0, hydrogen, me.hyl, e,hyl, 
propyl, butyl, pentyl, hexyl, heptyl, octyl, pentyl, and the like. 

Suitable monomeric units include hydroxybutyrate, hydroxyvalerate, 
hydroxyhexanoate, hydroxyheptanoate, hydroxypropanoate, hydroxy— 
25 „ droxynonanoate, hydroxydecanoate, hydroxyundecanoate, and hydroxydo ecanoate 
units PHAs including monomers and pollers (homopolymers, copolymers, and the l.ke 
a „ d deriva,ives of 3-hydroxyacids, 4-hydroxyacids, 5-hydroxyacids, polylac.ic acd, an 
p „,yg,yco,ic acid, or combinations thereof can be used. Representative PHAs are descnbed 
in Steinbuchel & Valentin, FEMS Microbiol. UU., 128:2.9-28 (.995). 



Pr eferred PHAs include, bu, are no, limited ,o, polyhydroxybu,yra,e; a copolymer 
of hydroxybu,yric acid and hydroxyvaleric acid (e.g., a copolymer of 60-99 we, g h, . 
JLy butyric acid and ,-40 weigh, % hydremic acid,; a *e, o - 

drox butyl acid and 4-hydroxybutyric acid (e.„ a copolymer of «„,9 
„ ar0 x butyric acid and .-40 wei g ht % 4-hydroxybutyric,; polyhydroxy— e, 
po„Lr c n,ainin g hydroxyoctonate g roups randomly distributed through the po,me 
Me g) a, ieas, ,0 % by mo,ar m ass hydroxyoctanoate groups randomly d,s«r,bued 
roug 1 polymer chain of a copolymer); and combines .Hereof. Spec,c espies 
include po,y<3-hydroxybu,yra,e), poly 3- h yd r oxybu,yra te -co.3-hyd r oxyva,era,e poly - 
0 yd J^e-co-Wu^e, poiy 3,ydroxybu,yra,e-co-3,y»^ 

I 3-byd r oxyb U ,y ra ,e-co-3-hydroxyhep,a„„a t e, or poiy 3-hydroxybu,y ra ,e-co-3- 
yLyoctanoate. The po,yhydr OX y*noa,e can aiso have end chain fi.ctionaht.es sue 

propanoate; primary, secondary, or tertiary aicohol; amide; and/or a polyhydnc alcohol. 

Also the PHAs can be a mixture of .hermally de g radab,e po,yhydroxya,kanoa,e , 
TlK comp^ion of ,he presen, invention can aiso farther contain a, ,eas, one therma y 
de g radabl poiymer other than polyhydroxy—e, for exampie, poiycarbonates, 
polyolerlns, polystyrenes, polyacetals, waxes, or combinations thereof. 

The PHA can also have the formula R 5 CH= CH(CH ; ),, CO [OCHR (CH ; )„ 
20 CO, P OH. Alternatively, the PHA can have the formula H ( OCHR\CH 2 )„ CO ]p OR'. 

u , R"rnfOCHR 8 (CH2)n CO] p OH. The PHA can also 
Further, the PHA can have the formula R CO[OCHR (CH 2 ,„ lp 

be a block polymer containing polyhydroxyalkanoate segments and a. o* 
polygene glycol se g ment. Preferably, for such a PHA, the bloc, polymer preferab, 
J a, ,J, 20 wei g h, % of a PHA segment and a, leas, one poly ene ^ 

u y le „eoxide,ormix,uresthereof,n the above formulas, p is from 5 to ,000 „ ,s 0 or a 
m , ger R. is derived from a monohydric a,coh„, or a polyhydric alcohol, such as me, hyl- 
and R" is derived from a carboxylic acid having , ,o 20 carbon atoms such as 
Z ,-s,yryl, R», *«, »<" *' - ^ M " 
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radicals; ha,o, hydroxy, oxygen or nitrogen sauted radio* or hydros atonts, such 

asH CFh C 2 H5,orisC 3 H7,C4H9,C5Hii. 

, vnn of the oresent invention can be dispersed in water or 

The PHA in the composition ot the present mvc 

dissolved in a solvent or a mixture of solvents. 

,„ another entbodintent, thermal decompose po,yhydroxya, k anoa,es, 
can be used in the conditions of the present invention, can have a, ieast one of the 

terminal end groups selected from: 

a) -CO-CH=CR 9 R 10 ; 

b) -OR 1 1 ; 

0 c) -COOR 12 , 

d) -COR 13 ; or 

e) -0"M + 

wherein R', R» R». R' 1 . « R» which are the same or different, represent 
saturated or unsaturated hydrocarbon radicais, ha,- or hydroxy substituted .d.ca.s, 
5 hydroxy radicais, nitrogen-substituted radicais, o X ygen-subs,itu,ed radicais, or a hy dtoge 
L 1 the proviso tha, R» is no, a hydrogen a,o m . M is a counter ton, such s, bn, 
not lim i,ed ,, antntoniun, and nteta, counter ions, HRe sodiunt, potassintn ztnc, ca.cun, 
and the Prefetabiy, both of the temtina, end groups of the PHA are se,ec,ed from one 
0 f the above-described temtina, end groups a, - e) wherein the tertnina, end groups can b 

end groups a, - e, and the other tertnina, end group can be hydrogen or -OH P« 
when the tennina. end group is -OR", or -COR", the other end group ,s no, -OR T ese 
var ious temt.na, end groups can be ,he termina, end groups for the PHA forntula 0, s« 
M and described above. These thennally decontposab.e 
25 Lve any m o,ecu,ar weight such as from about 500 ,0 about „ ntiMion Da ton, More 

sucn as from about 500 ,0 about 9,000. These polyhydroxyalkanoa.es can be powers, 

oligomers, or monomers. 



# 



10- 



•■is! 

hi 



'3 



Preferred PHAs of the present invention include the following formulas wherein 
the various variables are as described above. 

H(OCHR CH 2 CO )„ OH 
5 H CO CHR CH 2 CO )„ O R' where R- is prefer*,, an a,kyl group or substituted a,ky, 
group ( e.g. diol, polyol, etc) 

H (O CHR CH: CO )„ O " M + where M is preferably selected from ammonium, sodium, 
10 potassium, zinc, calcium 

R- CO (O CHR CH, CO )„ OH where R" is preferably the alkyl group from an aliphatic 

carboxylic acid 

polyol etc) 

^„ \ n " M + where R" is preferably the alkyl group from an 
R" CO (O CHR CH 2 CO ) n O M where * 1S p ^ so dium, 
20 aliphatic carboxylic acid and M is preteramy 
potassium, zinc, calcium. 

The PHAS can be prepared from a bioiogical souree sueh as a microorganism 
which naturally produces «he PHAs or which can be induced ,0 produce ,he PHAs by 
25 manipulation of culture conditions and feedstocks, or microorganisms or . htf* 
organism such as a piant, which has been genetically engineered so that „ produces PHAs. 

Methods which can be used for producing PHA polymers from microorganrsms 
which naturaiiy produce po.yhydroxyalkanoa.es are described in U.S. Paten, No. 
40,0,45 ,0 Holmes, e. al, Byrom, "Miscellaneous Biomaterials" in Biomaterials 
30 (Byrom ed.) pp. 333-59 (MacMiHan Publishers, London 199,); Hocking and 
arche sau, ..polyesters" in C^.ry - **** of ^ «. 
(Griff.n, ed.) pp. 48-96 (Chapman & Hall, London 1 994, Holmes, "Biolog.cally Pro -d 
R) . 3 . h droxyalkanoate Polymers and Copolymers" in Develop M 

^ 9 nn 1-65 (Elsevier, London 1988); Lafferty et al, 
Polymers (Bassett, ed.) vol. 2, pp. 1 6> l^se . 

35 "Microbial Production of Po.y-b-hydroxybutyric acid" in Biotech (Rehm & Reed, 
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eas.) vol. 66, PP. -35-76 (Verlagsgesellscha*, Weinhein, '988,, MUher * Seebach, 
Akw Cto». to &*&«<• 32:477-502 (1993). 

Methods for producing PHAs in natural or genetic,,,, engineered organ,™ re 
descried b y S,ein M chel, ..Po, y h y drox y a, k a„oic Acids" in * (B^, 

5 ,23-2,3 (MacMiHan Publishers, London ,99,,; WilUants * »<^^Z 
26 . 38 .44 (1996); Steinbuche, & Wiese, Me**** 37 ' 69 '- 97 '"^ 

U.S. Patent Nos. 5,245,023, 5,250, • „ fl( 

Sinskey; Agostini e, ai, Poly,. Sc,, Par, A-,, 9.2775 7 J 
Macrons, 21:2657-68 (1988); Dubois, « a,., Macules, 26.4407-12 , 99 , 
,„ u Borgne * Spass ky , « 30:23,2-19 ,1989); Tananasni A Do,, Macu le < 
1U be ouig. o«./n«R-Q0 H993V, Kemnitzer a/., 

24:5732-33 (1991); Hori et al, Macromolecules, 26.4388 (199 ) 

, ; 9^1721-29 (1993); Hori et al., Macromolecules, 26.5533-34 
Macromolecules, 26.1221 29 (1993) Macromo lecules, 
Hocking & Marchessault, Polym. Bull., 30.163-70 (W), 

„ ♦ xt ^« 739 to Hubbs et al. Other polymer synthesis 
30:6997-98 (1997); and U.S. Patent No. 5,563,239 to Hubbs 

,hes including direct condensation and ring-opening polymerization of the 
15 approaches including MarcheS sault, Jto^»*^ 

corresponding lactones are described in Jesudason & 

xi « 84? to Kimura- U.S. Patent No. 5,563,23V to 
97-? 595-602 (1994); U.S. Patent No. 5,286,842 to Kimura, u 

27.2595 602 (!V h No . 5,461,139 to Gonda 

Hnhhs er a/ • U.S. Patent No. 5,5 1 6,883 to Hon ei ai., u 

Hubbseffl ' . XT ~ nft . c 0 q WO 95/15260 describes the 

et al ■ and Canadian Patent Application No. 2,006,508. WO 

iet a it <s Patent Nos 4 826,493 and 4,880,592 to Martin, et 
20 manufacture of PHBV films, and U.S. Patent Nos. 4,8 

* ♦ of PHR and PHBV films. U.S. Patent No. 5,292,860 to 

co - 3 - h c r::i PH as . * ^ - — » « 

25 PHA of a higher m„,ecu,ar weigh, sue, as greater than 70,000 or 80,000. T ,s PHA 
lg th e hi her modular weight can .en be suited to an acid h y dro, y s,s wn.cn w 
l in a lower nrolecu.ar weigh, PHA. The acid h y dro, y sis preferab, y occurs ,n£ 
I Lence of an a.coho,, a dio,, or a po, y h y dric alcohol, or combines thereof. T 
— conditions for the acid h y dr„, y sis and the prefer, d amount, of— 
30 in this reaction which reduces the molecular we.gh. of the PHA are as 
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„ H , of .he PHA can be done in the presence of alcohol, dio,, thiol or polyols (or 
Mr0lyS ' S ° ' t "11 an excess amount of aieoho,, dio,, .hio, or polyo, is used, the 

r:;; :: — ^ - - . - « - « 

" s in both terminal position, The reaction conditions are con.ro„ed sue «M 
Hi a, leas. 1 % by weigh, residual alcohol, dio,, .hio,, or polyol remains ,n the 

5 : :r ,1— - — **** - h - 

^nce of e.hy,ene g lyco, or , ,4 bu.ne dio, produces oilers with ,e structure. 

For ethylene glycol: 

H (-OCH(CH 3 )CH 2 CO) n OCH 2 CH 2 OH; 
10 and for 1,4 butane diol: 

H (0-CH(CH 3 )CH 2 CO) n OCH 2 CH 2 CH 2 CH 2 OH; 
wherein n is preferably from about 2 to about 50. 

If m excess of an alcoho, is used in the hydrolysis process then a M-y este 
obtaine l, which for polyhydroxybutyrate in the presence of methanol, would have the 

1 5 structure: 

H-(OCH(CH 3 )CH 2 CO)nOCH 3 . 

Xhhydo.sisofpolyhydro.ya.anoatescanoccurin.hepreseneeofas.ronsa, 
, h s sulfuric acid hydroch,„ric acid or phosphoric acid; the most preferable 

c if the reaction is carried out in the presence of a strong acta 

I! T^ers will have an es,er g roup g enerated from ,e carboxylic acd and .he 
hvdroxyl group on the oligomers, and a free carboxyhc acd. 
25 Whi,e he acid hydroiysis reac.ion can occur under ambien, .emperatures 

temperatures are no™a,ly utilized to increase the reac.ion rate. For the acd hydro,, of 
:Zydroxya, k an„ates, ,e most preferable reac.ion .empera.ure — ^ 

I , 70»C to about >40°C. In an embodiment of the present invention, acd hydrolys, 
about 70 C to about ^ ^ and vmy , 

reactions occurring above 140 C typically 
30 groups as well as the free acid or ester group. 
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The ,0. modular weigh, PHA can a,so be prepared by the .nemesis of a h.gher 

^ The thermolysis — s can be a S follows. Alkenoic - car, be obta.ned , 
Z by the thermal treatment of po.b^a,— a, sufficient temp— 
Z s from about , and about 250»C a, atmospheric pressure for a suff.cn peno, 

Is (e,, spray *- biomass) containing inorganic saits, the dried b .mass ^ 
frec of water soiubie salts, or the purified polymer a„ yield converse ,o the alkeno c 
Z of >S0 % based on the polyhydroxyalkanoate content, and more preferab y a y,e d of 
0 : m about S3 « to about **. Simiiar yields are obtain* with acd hydroly s 
Preferably, an inert gas such as nitrogen and/or a reducing atmosphere ,s used durmg he 

alkenoic acid ester is generated in situ. 

Where the polyhydroxyalkanoate produced microbialiy is a copolymer then a 

^separated into their individual alkenoic acid or ester derivatives by conventtona, 
factional distiilation either under ambient conditions or vacuum. 

When the thermal treatment or heat profile is carried cut under vacuum t en 
20 predominant yield is changed to a mixture of dimer, trimer and/or tetramer of the alkenotc 
Further if the temperature is reduce to ISO* ,0 220*. then oligomer, spec, 
^ termina, vinyl and carboxylic acid groups can be obtained; the molecular we,g, 
being controlled by the residence time a, this temperature. These corners 
generic structure: RCH^CH^OCHW CO] m OH where „-. 8, 
25 re presentsana.ky,grouphavin g from,.o 1 8carb„natoms,andm=0tom 

While crotonic acid has previously been used as a comonomer ,n bulk, 
and emulsion polymerization processes, higher alkenoic acid derivatives have no. been 
d Higher akyt substituted 2 alkenoic acids offer an acid functionality in a s,m,,r 
I ner to acrylic, methacrylic, and crotonic acids, however they are expected to offer 
30 : led hydrophobic!, from the longer alky, chain. Pree radical generated polymers 
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containing these higher alkenoic acid monomers prefetabiy iead ,0 increased water 
resistance, scrub resistance, and/or low surface free energy than those containing crotomc 
acid . The alky, group wouid be expected to have an impact on the glass transmon 
temperature of the resuitan, polymer; as the number of carbon atoms in the 
5 increases, then the giass transition temperature (Tg) of the polymer wil, decrease. Hence 
these higher alkenoic acids derivatives can produce dual functionality, i.e., adhes.on or 
crosslink^ through the acid /ester group and hydrophobicity/Tg reduction through the 

alkyl group. , . , . , , 

Other manners in which the lower molecular weigh, PHAs can be obtamed tnclude, 

10 bu, are no, limited to, synthetic po.ymerization by such methods as condensation of ,he 
hydroxy acids. 

A number of features of the polyhydroxyalkanoate polymers make them 
particularly anractive as binders for me,a, powder, ceramic powder or meuWceram.c 
powder processing. PHA binder formulations can be prepared using PHAs ,„ the.r sohd 
form, in a latex form, or in solution, for example, dissolved in a soiven, such as acetone. 
PHAs can be plasticized and blended with other polymers or agents. 

A variety of PHAs, having a wide range of polymer physical property can be 
produced, depending on the hydroxyacd monomer composition used (S.einbuchel ft 
Valentin, FEMS Microti U*., 128:219-28 (1995)). The range of properties mclude, for 

u ,t a(\°c and 1 80°C glass transition 
20 example, melting temperatures between about 40 C and 180 C, g 

temperatures between about -55°C <o 5«C degrees of crysta.linity between about 0 U and 
80 % and elongation to break between about 5 and 500 •/, The rate of crystallization can 
be controlled. Polyhydroxybutyrate, for example, has characteristics similar ,0 those of 
po.ypropylcnc, while polyhydroxyoCanoates (a copolymer of D-B-hydroxyoctanoate an 
25 D-3-hydroxyhexanoate) and poly-D-4-hydroxybutyrate behave more as elastomers, and 
PHAS with longer side chains have characteristics similar to waxes. The range of PHA 
polymers available with melting temperatures ranging from 40°C to I80°C provides 
additional flexibility in shape formation. As the molecular weigh, is reduced, ,he Tg 

t ic reduced At low molecular weights 
remains relatively constant however the T m is reduced, ai 

30 (<10,000), the end chain units start to have an impact on physical propert.es. 
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PHAS can exist in a, leas, two distinct physical forms, as amorphous granules or as 
crystalline solids. The tendency of the PHAs to c^allize in tenns of both final degree of 
crystallinity and rates of crystallization also varies with composition. PHA polymers 
offering rapid crystallization can be used for high green strength. These would include, for 
5 example PHB and PHBV, with the latter copolymer exhibiting the unique feature of 
isomorphism. Where higher malleability is desired, PHOs and other longer pendant 
group types could be used. This polymer class has a lower glass transition temperature, 
around -35°C as compared to 5»C for the PHB homopolymer, allowing them to be 
formulated as self lubricating. This in turn reduces the need for other additives ,0 obta.n 
,0 suitable flow characteristics for the mixture fed to the shaping system. 

One particularly useful form is as a latex of PHA in water. Evaporatton of the 
water as the shapes are molded results in film formation as the PHA granules coalesce 
providing excellent binding. The PHAs are readily removed by thermal deeompos,t,on 
during the subsequent thermal processing of the shaped parts. The range of PHA polymers 
l5 available with melting temperatures ranging from 40°C-180°C provides addittona, 
flexibility in shape formation. 

The monomer compositions can also affect solubility in organic solvents, allowng 
,he choice of a wide range of solvents. Copolymers of D-3-hydroxybutyra.e and other 
hydroxyacid co-monomers have significantly different solubility characteristics from those 
20 of the PHB homopolymer. For example, acetone is not a good solvent for PHB bu, is very 
useful for dissolving D-3-hydroxybutyrate copolymers with D-3-hydroxyacids contam.ng 
from 6 ,„ 12 carbon atoms (Abe e, a,., M J. Bio,. Macros,. 16,15-19 (.994); ICato « 
a, Appl Microbiol Bio.ecknol, 45:363-70 (1996)). Mitomo et al., Reports an Progress 
*Pofy*er PHys.es in Japan, 37:128-29 (1994), describes the solubility of copolyesters 
25 poly(3-hydroxybu«yrate-co-4-hydroxybu.yrate, containing from 15 to 75 mol. % 4- 
hydroxybutyrate residues, in acetone. A number of other solvents suitable for a range of 
PHAs are described in U.S. Paten, No. 5,213,976 to Blauhut e. al, U.S. Patent No. 
4 968 61 1 to Traussnig; Japan Kokai Tokkyo Koho JP 95,1 35,985; Japan Kokai Tokkyo 
Koho'jP 95,79,788; WO 93/23554; DE 19533459; WO 97/08931; and Brazil Ped.do PI 
30 BR 93 02,312. 



PHAs can be plastici Z ed and blended with Cher polymers or agent, Other non- 
m icrobia, polymers having structures and decomposition temperatures s.m.lar to 

i;,— <pla) and poiygiycoiide 

o, mers can be used in combination with or in place of PHA binders. The product^ 
e of PLA are described extensively by Kharas e, a, Tolymers of Lact.c Ac,d ,n P,a, 
;L te (Mob,ey,ed, pp. 93,37 (Hanser, Munich, Oermany (,994,,. The osteogens 
I these pllymers, PHAs, PLA, PGA, are P o,ar and provide good bondmg between the 
binder and the powder materials. 

Binders used in molding compositions frequently melude a blend of 
components such as lubricants, plasticizers, and adhesion agents. The PHA mod.ng 

::::iio„'s her ei „ « - - » - - — - 

certain PHAs may be used in place of such additives in other compositions. 

Preferred compositions include a metal powder compnsmg ,ron, steel, cop er 
nick el tungsten, or combinations thereof and the polyhydroxybutyrate compnses po,y 
^x b^t or a copolymer of 3 hydroxy butyrate with 3 hydroxyvalerate or 4 
t but rate, or wherein the powdered materia, is a ceramic powder compnsmg 
^Ttitanate, aluminium hydroxide, alumina, wollastonite, silica, or combmat.ons 
thereof and the polyhydroxybutyrate comprises po,y 3 hydroxybutyrate or a copolymer 
hydroxy butyrate with 3 hydroxyvalerate or 4 hydroxybutyrate. 

,„ genera,, the compositions, for instance, the molding compostttons, of the present 
invention can be used to form a shaped product. The method invoWes mold.ng a 
Iposition containing a powdered materia, as described above which is adm.xed w„ a 
east one therma„y decomposable polyhydroxyalkanoa.es as described above or a so u„o 

25 product to remove essentially all of the polyhydroxyalkanoates from the product 
escribed herein. The present invention further involves a mo.ded art.cle formed b y ,h 
me ,hod described above. A preferred mo.ding composition contains 70 w.% to 
w,% of an inorganic material, as described above, and from about 0 to about 30 w, o 
a, leas, one polyhydroxyalkanoate as described above. A preferred formula of 
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the chemical formula: -OCR'R 2 (CR 3 R\ CO- 

different, are selected from sa.ura.ed or unsaturated hydrocarbon radicals; halo, hydro,, 
oxyg e„ or nitrogen sub,i.,ed radicals, or hydrogen a,oms. Preferably, the 
p o,yhydroxya, k anoate is a polyhydroxybutyrate. More pr« . ** 
polyhydroxyalkanoate is a copolymer of 60-9, wt% 3-hydroxybutyr,c acd and -40 ^ 
. hy dr„xyvaleric acid, or a copolymer of 60-99 w,% 3-hydroxybu,ync acd and 1-40 w,/. 
4 .„droxybu,yric acid, or is poly 3-hydroxyoc,anoa,e. Also, the polyhydroxyalkanoate can 
0 be a copolymer containing a, leas, ,0 wt% by molar mass 

randomly distributed through the polymer chain. ,n addition, the polyhydroxya, anoa.e 
can have the structure HpCHR'CCH* CO, p OR', wherein R' is denved from a 
monohydric a.coho, or a polyhydric aicoho, and therein p is from 5 ,0 ,000 n ,s 0 or an 
integer, and R' is selected from saturated or unsaturated hydrocarbon rad.cals; ha o, 
15 hydroxy, oxygen or nitrogen substituted radica.s, or hydrogen atoms or the 
po ,yhyLya,anoa,e can have the structure RXOCOCHR^ C0 lp OH, wherein R 
is derived from a carboxylic acid having I to 20 carbon atoms and whercn p ,s from 
,000 n is 0 or an integer, and R 8 is selected from saturated or unsaturated hydrocarbon 
radicals; haio, hydroxy, oxygen or nitrogen substituted radicals, or Hydrogen « « £ 
M po,yhydro*y~e has the structure R 'CH= CH 2 (CH ; ),, CO [OCHR'(CH 2 , CO,OH, 
11 p is from 5 to ,000, n is 0 or an integer, and R 5 and R«. which are the same or 
different, is seiected from saturated or unsaturated hydrocarbon radicals; halo, ydroxy, 
oxygen or nitrogen substituted radica.s, or hydrogen atoms. Also, polyhydroxyalkanoate 
can be a block polymer containing at least 20 w* of a polyhydroxya.kanoate segment and 
25 a, least one polyalkylene glyco, segment where the po.ya, k y,ene glycol is selected rom 

of ethylene oxide, propylene oxide and/or butylene oxide. 

The PHA molding compositions can be used in forming techniques known m the art. 
The de-binding step described below can be adapted for use with these techniques as 
30 needed for the particular process, material, and product. 



The PHA molding compositions can be used in forming techniques known ,n the 
art These techniques include siip casting, tape easting, elusion, injection 
pressing and screen printing. These and other powder processing techniques are desertbed 
in German, "Powder injection Molding," (Metal Powder industries Federation, Pr.nceton, 
5 New Jersey ,990) and German and Bose, "Injection Molding of Metals and Ceram.cs 
(M e«a, Powder Industries Federation, Princeton, New Jersey .9,7). Extruston and 
Ejection molding are preferred processes for use with the compositions desc*d here,. 
One of*,, in the art can adapt Known forming techniques for use with the PHA moldtng 

compositions disclosed herein. 

The de-binding step preferably includes heating the shaped powder compact o a 
temperature approaching the decomposition temperature of the polyesters, wh.ch ,s 
remarkably constant for the PHAs despite varying pendant groups, so 
control experience is widely app.icable over a range of PHA flattens. Th 
decomposition involves formation of crotonic acid and its homologue, C refu 
, 5 application of hea, .eading to slightly higher temperatures on the outside of the shaped 
powder compact causes the PHA powder to decompose so tha, degassing channels can be 
Led and subsequent processing can take place without delation or void formatton 

of the shape due to gas trapping. 

,„ the case of PHAs containing unsaturated monomers, the alkeno.c acds can 
20 destroyed by thermal catalytic systems, by combustion, or a combination thereof. The need 
for air inflow, oxygen, or other oxidants is eliminated or reduced through the use of PHA 
hinders, thereby reducing waste gas emissions and heat loss. Avoidance of oxtdants also 
minimizes undesirable oxidation of components such as meta, powders. PHAs are also 
compatible with a reducing or inert atmosphere, when exposure to such atmospheres ,s 
25 desired. For example, the use of reducing atmospheres is advantageous when ustng metal 
oxides or mixtures comprising metal oxides. 

in general, avoidance of the need for protective atmospheres or other gases 
simplifies the process and protects the constituent materials. The rate of decomposition of 
the PHA can be controlled more easily than the combustion of other binding mater.a,, 
30 Combustion requires diffusion of combustion product from the burning binder and 
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diffusion of oxygen «o it entail process control and other complexities that are obviated by 
*e use of the PHA system. In other words, the unpredictable results of combustion are 
avoided since oxygen penetration into the powder-containing shape is no longer requ.red. 
The PHA system also avoids carbon residues found in other binder systems conta.mng 
5 polyolefn or polystyrene materials, thereby leading to fewer faults and greater strength m 

the final products. , 

PHAS may also be removed using a solvent process. A variety of applicat.on and 
processing options are provided, since a range of solvents for PHAs are available. The 
solvency characteristic of PHAs also allows for their removal from malformed compacts, 
,0 unused tape, and other process waste, thereby reducing wastage. In addition, the PHAs are 
made from renewable resources and degradable by enzymatic action produced by 
microorganisms in, for example, composting systems, providing another means of d.sposal 
of waste material. 

Preferred applications include the manufacture of ceramics, metal coatmgs, 
1 5 conductive coatings, lacquers, capacitors, superconductors, and automotive parts. 

|„ one embodiment, an "ink" or "lacquer" containing low melting temperature and 
conducting metals or metal oxides can be applied above the melting point of the polymer 
and the "ink" allowed to solidify if desired to permit additional production steps. The ,nk 
and substrate can then be brought to the decomposition temperature of the PHA at wh.ch 
20 point the PHA decomposes leaving a dense conductive strip. Alternatively, a metal 
powder/PHA mixture can be applied as a coating or lacquer above the melting temperature 
of the PHA, allowed to solidify and the PHA removed by thermal decompostt.on. The use 
of solvent-based PHA binder formulations will give similar flexibility including the use of 
aqueous latexes. 

25 In another embodiment, a PHA form suitable for extrusion molding can be used as 

a container for powdered materials, such as the I -2-3 superconductor, wherein the PHA ,s 
removed by thermal decomposition after shaping the powdered material. A particularly 
useful example is in the manufacture of superconducting tapes or wires using ytmum 
oxide barium carbonate, and cupric oxide with subsequent enrichment with oxygen 
30 (YBCO) The thin film techniques currently used can only produce YBCO tapes of about 
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one meter in length. The ability «o extrude such materials should be useful in 
manufacturing superconducting films or wires that are hundreds of meters long and 

commercially suitable. 

The present invention can also be used in the manufacturing of capactors, 
5 including muKi-layered capacitors. In particular, the present invention can be used as a 
binder with meta. powders used in the manufacturing of capacitor layers. The b.nder can 
be mixed with the metal powder and then the binder with the metal powder is pressed to 
form an anode which is subsequently sintered. During sintering, the binder materia, w,ll e 
rem0 ved In such an embodiment, any metal powder conventionally used ,n the 
,0 manufacturing of capacitors or parts thereof can be combined with the binder for purges 
of forming the anode. Examples include, but are no. limited to, aluminum, tantalum, 
niobium, and other valve metals, alloys thereof, and the like. The present invention can be 
incorporated into conventional capacitor manufacturing processes, including, but no, 
hmited to those described in U.S. Paten, Nos. 6,088,2,8; 6,088,2,7; and 6,072,694, al, of 
15 which are incorporated in their entirety by reference herein. 

The ,ow molecular weigh. PHAs, when used as a binder, provide unexpected 
properties with respect to the pressed powdered materia, that has been molded together 
using the binder of the present invention. In particular, the green strength of the molded 
material is significantly improved when the low mo,ecu,ar weight PHAs of the present 
20 invention are used as compared to higher molecular weigh. PHAs. In addition, the 
handhng of green strength is si^ificantly improved with the use of the low molecular 
weigh, PHA binders of the present invention. Thus, using the low molecular we.gh, PHA 
binders of the present invention, the molded compositions containing a, least one 
powdered material and the PHAs can achieve and preferably achieve a ba.anee of 
25 properties, particu,ar,y a ba.ance of green strength with improved handling of green 
strength. Without wishing to be bound, the amount of PHA binder tha, is presen. ,n the 
molded composition is any amount .ha, will bind materia, together and preferably an 
amount effec.ive in improving one or more properties, such as green strength or the 
handling s.reng.h. Preferably, .he amoun. of PHA binder presen. is , % by weigh, of .he 
30 composition or ,ess and more preferably 0.75 % by weigh, or less and even more 
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preferably 0 5 * or less. A preyed ran g e of PHA bind, is fro. about 0,0 to about . 

^present — wiU be further c.arif.ed by the f o„owin g examp.es, which 
are intended to be purely exemplary of the present invenUon. 



Example 1 : 
Controls 
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^corsteel I000B stainless steel po.de, was combined w,t 0,5 % an 
Accrawax, (ethylene bis stearantide obtained from Lonza) in a h. g h-speed blende , th. 
11 « de i g na,ed examples I and ,a respectively. The materia, was poured ,to 

products are g u PQ hv n 5 inch by 0.25 inch and compressed at a 

rertaneular mold of dimensions 1 .25 inches by 0.5 men oy 

:Z 30 tons per so,are mch for 2 seconds. The resultant g ree„ compacted me. 
ll ns were tested for density and transverse rupture (three point bend 0, mch 
The samples were then submitted to a sintering process in a deammon,a,,n g 

T „ I 1*. ~ examined for surface voids and fissures, and subm,«ed to 

ASTM B3 12-96. 
Examples 2 to 7 

"tSS 

molecular weight of 600,000. In more detail, PHB (50 g) 

1,1 we g h, by GPC of 600,000 was dissolved in dioxane (100 ml) under reflu 
Z Ins. Concentrated hydroch,„ric acid „0 n,) was added and the so ut.on heated 
I refiux for 40 minutes. The solution was cooled to room temperature and the residua 
Ichloric acid neutrahzed with ao,eous sodium carbonate. The polymer recovere 
, /molecular wei g h, by GPC of 20,000. The above reaction was repeated w,th the 
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tim e extended to 2 hours and a polymer with a OPC molecular weigh, of 5,000 «, 
obtained. PHO having a distribution of 80 % 3-hydroxyoctenoate un.ts, 5 /. 3- 
hydroxydecanoate units and ,5 % 3-hydroxyhexa„oate units and having a moto.hr 
weight by GPC of 600,000 was dissoived in dioxane (,00 mi) under reflux cond.t.ons. 
5 concentrated hydroCoric acid „0 m„ was added and the soiution Heated under reflux for 
40 minutes. The soiution was cooied to room temperature and the res.dual hydrochlo nc 

,. „„u„„ a , P The nolvmer recovered had a molecular 
acid neulralized with aqueous -sodium carbonate. The polyme 

weight by GPC of 20,000. The po.yhydroxybutyrate was combined w.tb Ancors.ee, 1000B 

, 0 the poiyhydroxybutyrate samples is described in the following Table 1 : 

Table 1 
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Examples 8 to 12 
Pnlvh ydroxv ^tannate (PHO) 

Polyhydroxyoctanoate samples having a variety of molecular we.ghts were 
prepared by acid hydrolysis of fermen.ed and solvent extracted polyhydroxyoctanoate 
having a molecular weigh, of ,30,000. The polyhydroxyoctanoate was comb.ned w.th 
An cors,ee, I000B and ,es.ed in a similar manner described for example I . The level and 
molecular weigh, of*, polyhydroxyoctanoate samples is described in the fo„„w,ng Tab,e 
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Table 2 



» . . i :„ut 



Percent loading (wt%) 
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The results for Examples 1-12 are as follows: 
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These results demonstrate that PHA binders with molecular weights below ,00,000 
provide green strength products with a bi g her flexura, strength. However there .s a 
Lifce in actual handling strength with the compressed Ancorstee, !000B bem 
extremely bri«t,e and prone to breakage even under mild handling conditions. Accrawax, at 

parties that are observed with polyhydroxyalkanoates. A reduction in molecular we.ght 
of the polyhydroxyalkanoate aiso contributes to improve green strength and handl.ng 

characteristics. , 
Other embodiments of the present invention will be apparent to those sk.lled ,n th 
art from consideration of the specification and practice of the invention disclosed herem. ,« 
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is intended that the specified be considered as e^plary on,,, wHh a true scope and 
spiri, of the invention being indicated bv the following claims and equivalents thereof. 



